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,QWURGXFWLRQ
7KHPDMRULW\RIKLJKULVHEXLOGLQJVDQGKHDY\VWUXFWXUHVDUHVXSSRUWHGE\SLOHJURXSVRUSLOHGUDIWVQRWRQO\D
VLQJOHSLOHWRFDUU\WKHDSSOLHGORDGWRVWURQJHUVRLOOD\HU$OWKRXJKLWZRXOGEHKHOSIXOWRXVHDVLQJOHSLOHFDSDFLW\
DQGGHIRUPDWLRQWRSUHGLFWWKHRYHUDOOFDSDFLW\DQGVHWWOHPHQWRIDSLOHJURXSLWLVDOVRQHFHVVDU\WRWDNHLQWRDFFRXQW
WKHJURXSHIIHFWV7KXV WKHSLOHWRSLOH LQWHUDFWLRQIDFWRU ijD IRUVWDWLFDOO\ ORDGHGYHUWLFDOSLOHVZDVLQWURGXFHGE\
3RXORV>@ZLWKUHJDUGWRWKHJURXSHIIHFWV7KHSLOHWRSLOHLQWHUDFWLRQIDFWRULVGHILQHGDV
GLVSODFHPHQWVRUURWDWLRQVRIDQXQORDGHGUHFHLYHUSLOH GXHWRVRLOGHIRUPDWLRQ
GLVSODFHPHQWVRUURWDWLRQVRIQHLJKERULQJORDGHGVRXUFHSLOH ij
i
j
D   
)RU SLOH JURXSV DQG SLOHG UDIWV LQ FOD\ WKH FDSDFLW\ RI LQGLYLGXDO SLOHVZLWKLQ D JURXSPD\ EH ORZHU WKDQ IRU
HTXLYDOHQWLVRODWHGSLOHV)RUSLOHJURXSVLQVDQGKRZHYHUWKHFDSDFLW\RIHDFKSLOHLVXVXDOO\WDNHQDVDQLVRODWHGSLOH
FDSDFLW\ >@EXW SURYLGLQJ D IUDPHZRUN IRU FDOFXODWLQJ WKH SLOHWRSLOH LQWHUDFWLRQ IDFWRU UHVXOWV LQ FRQWUROOLQJ WKH
VHWWOHPHQWUHTXLUHPHQWVLQGHVLJQSURFHVV
6HYHUDOUHVHDUFKHUVKDYHSURSRVHGGLIIHUHQWPHWKRGVWRGHWHUPLQHWKLVLQWHUDFWLRQIDFWRU5DQGROSKDQG:URWK>@
XVHGVKHDUGLVSODFHPHQWPHWKRGIRUFDOFXODWLQJLQWHUDFWLRQIDFWRUVLQRUGHUWRGHWHUPLQHWKHVHWWOHPHQWRIDSLOHJURXS
(O6KDUQRXE\DQG1RYDN>@SUHVHQWHGIOH[LELOLW\FRHIILFLHQWVDQGLQWHUDFWLRQIDFWRUVWRIDFLOLWDWHWKHDQDO\VLVRISLOH
JURXSXQGHUYHUWLFDOORDGE\DQDQDO\WLFDOPHWKRG0DQGROLQLDQG9LJJLDQL>@GHYHORSHGDSURJUDPEDVHGRQEDFN
DQDO\VLVRIILHOGGDWDWRGHWHUPLQHWKHSLOHJURXSVHWWOHPHQWFRQVLGHULQJWKHQRQOLQHDUEHKDYLRXURISLOHVRLOLQWHUIDFH
DQGLQWHUDFWLRQIDFWRUV3RORDQG&OHPHQWH>@XVHGILQLWHHOHPHQWPHWKRGWRVKRZWKHLQWHUDFWLRQIDFWRUVIRUGLIIHUHQW
SDUDPHWHUVLQGHVLJQFKDUWV5HFHQWO\VRPHRWKHUPHWKRGVVXFKDVGLIIHUHQWDQDO\WLFDOPHWKRGV>@H[SHULPHQWDO
PHWKRGV>@K\EULGORDGWUDQVIHUPHWKRG>@ERXQGDU\HOHPHQWPHWKRG>@DQGILQLWHHOHPHQWPHWKRG>@
ZHUHDOVRXVHGWRFRQVLGHUWKHSLOHWRSLOHLQWHUDFWLRQIDFWRULQWKHDQDO\VLVRISLOHJURXSVDQGSLOHGUDIWV
,QWKLVVWXG\EDVHGRQWKHUHVXOWVRIJFHQWULIXJHWHVWVDQGWKUHHGLPHQVLRQDOILQLWHHOHPHQWDQDO\VHVWKHYDOXH
RISLOHWRSLOHLQWHUDFWLRQIDFWRU ijD ZDVH[DPLQHGDQGWKHSUHGLFWHGYDOXHVZHUHFRPSDUHGZLWKWKDWIURPGLIIHUHQW
DSSURDFKHV)URPWKHUHJUHVVLRQDQDO\VLVDPRGLILFDWLRQWRWKHHTXDWLRQSUHVHQWHGE\5DQGROSKDQG:URWK>@KDV
EHHQPDGH
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([SHULPHQWDOVHWXSDQGWHVWSURFHGXUH
)XOOVFDOH ILHOG WHVWV WR FRQVLGHU WKH EHKDYLRXU RI SLOHG UDIW IRXQGDWLRQ LV FRVWO\ DQG WLPHFRQVXPLQJ DQG WKXV
VLPXODWLRQRILQVLWXFRQGLWLRQXVLQJPRGHOWHVWVVXFKDVFHQWULIXJHWHVWVZRXOGEHKHOSIXO7KHREVHUYDWLRQVIURPWKH
PRGHOFDQEHFRQYHUWHGWRWKHSURWRW\SHVFDOHXVLQJWKHZHOONQRZQVFDOLQJIDFWRUV
2.1. Testing equipment 
7KHPRGHO WHVWVZHUHFRQGXFWHGLQ WKH,867JWRQJHRWHFKQLFDOFHQWULIXJHDW,UDQ8QLYHUVLW\RI6FLHQFHDQG
7HFKQRORJ\7KHPD[LPXPFDSDFLW\RIWKLVFHQWULIXJHZLWKDPUDGLXVLVNJIRUFHQWULIXJDODFFHOHUDWLRQRIJ
7KHVRLOFRQWDLQHUZDVPDGHIURP3OH[LJODVZLWKVWHHOIUDPHKDYLQJLQVLGHGLPHQVLRQVRIPuPLQSODQDQG
PLQGHSWK7ZRPRGHOSLOHVZLWKWKHGLDPHWHURI D mm DQGWKHZDOOWKLFNQHVVRI pt mm PDGHRI
DOXPLQLXPSLSH   E MPa u ZHUHSODFHGDWGLIIHUHQWVSDFLQJ)LJD7KHER[DQGPRGHOGLPHQVLRQVZHUH
VHOHFWHGVXFKWKDWWKHHIIHFWVRIERXQGDU\DQGSDUWLFOHVL]HLVPLQLPL]HG7KHORDGLQJZDVDSSOLHGWRWKHSLOHVWKURXJK
ZHLJKWPDVVRQWKHWRSRISLOHV7KHVHWWOHPHQWVRIVRLODQGSLOHVZHUHPHDVXUHGE\PHDQVRIWKUHH/9'7V)LJE


D E
F


G
)LJDWHVWER[EH[SHULPHQWDOVHWXSF*UDLQVL]HGLVWULEXWLRQRI)LURX]NRXKVDQGG)(PHVK
2.2. Test program and testing parameters 
7RGHWHUPLQHWKHSLOHWRSLOHLQWHUDFWLRQIDFWRULQVDQGWKLUW\WKUHHFHQWULIXJHWHVWVZHUHFRQGXFWHGZLWKDQRPLQDO
DFFHOHUDWLRQRIJ$VLWZLOOEHGLVFXVVHGWKHHIIHFWVRIVRLOUHODWLYHGHQVLW\Dr SLOHFHQWHU
WRFHQWHUVSDFLQJ S D  DQGSLOHWLSFRQGLWLRQRSHQHQGHGRUFORVHHQGHGRQWKHLQWHUDFWLRQIDFWRU
ZHUHLQYHVWLJDWHG)LURX]NRXKVDQGZLWKDSDUWLFOHPHDQGLDPHWHURI  D mm DQGWKHXQLIRUPLW\FRHIILFLHQW
RI UC  ZDVXVHGIRUDOOFHQWULIXJHWHVWV7DEOHDQG)LJF7KHGU\VDQGVDPSOHVZLWKDFHUWDLQUHODWLYH
1033 Mehdi Modarresi et al. /  Procedia Engineering  161 ( 2016 )  1030 – 1036 
GHQVLW\ZHUHSUHSDUHGLQOD\HUVE\SOXYLDOGHSRVLWLRQWHFKQLTXHWRDFKLHYHHQRXJKFRPSDFWLRQ%\FRQGXFWLQJVRPH
FRQWUROWHVWVWKHHIIHFWRIFHQWULIXJDODFFHOHUDWLRQRQWKHVRLOUHODWLYHGHQVLW\ZDVGHWHUPLQHGDQGWKHVHYDULDWLRQVZHUH
FRQVLGHUHGLQPRGHOSUHSDUDWLRQ
7DEOH0DWHULDOSURSHUWLHV>@
0DWHULDO sG  PD[e  PLQe 
)&

(
03D
3RLVVRQ¶V
UDWLRQ 
J
N1P
F
N3D  I q   \ q 
)LURX]NRXKVDQG          
LQ1XPHULFDOPRGHO
6DQG          
3LOH          
1XPHULFDODQDO\VLV
,QRUGHU WRYHULI\ WKH HIIHFWLYHQHVVRI FHQWULIXJH WHVWV WKH REWDLQHG UHVXOWVZHUH FRPSDUHG WR WKDW IURP WKUHH
GLPHQVLRQDOILQLWHHOHPHQWDQDO\VLV
3.1. FE mesh and boundary condition 
)LJGVKRZVDW\SLFDO'ILQLWHHOHPHQWPHVKXVHGLQWKHQXPHULFDODQDO\VLV7KHIRXQGDWLRQZDVPRGHOOHGRQ
WKH SURWRW\SH VFDOH WR VLPXODWH WKH UHDO FRQGLWLRQ 7KH SLOH DQG VRLO ZHUH GLVFUHWLVHG E\ PHDQV RI HLJKWQRGH
TXDGULODWHUDOZHGJHHOHPHQWVDQGHDFKPHVKFRPSULVHGRIDERXWHOHPHQWV$WWKHSLOHVRLOLQWHUIDFHDUHODWLYHO\
ILQHPHVKZDVXVHGWRDFFXUDWHO\FRQVLGHUWKHVWUHVVVWUDLQJUDGLHQWV7RPLQLPL]HWKHERXQGDU\HIIHFWVWKHGLVWDQFH
IURPERXQGDULHVWRWKHSLOHHGJHDQGWLSZHUHFRQVLGHUHGJUHDWHUWKDQWKHSLOHOHQJWK7DJKDYL*KDOHVDULDQG5DVRXOL
7KHODWHUDOERXQGDULHVZHUHMXVWDOORZHGWRPRYHGRZQZDUGWRVLPXODWHWKHVHWWOHPHQWVDQGWKHERWWRPRIWKH
PRGHOZDVIL[HGLQWKUHHSHUSHQGLFXODUGLUHFWLRQV
3.2. Modelling procedure 
%HFDXVHWKHSLOHVDUHLQHODVWLFVWDWHXQGHUZRUNLQJORDGFRQGLWLRQVWKH\ZHUHPRGHOOHGE\OLQHDUHODVWLFPRGHO
7KHVRLO)LURX]NRXKVDQGZDVPRGHOOHGZLWK0RKU&RXORPEPRGHODQGPDWHULDOSURSHUWLHVDUHOLVWHGLQ7DEOH
7KHLQWHUDFWLRQVZLWKWKHVRLODWWKHSLOHVNLQZHUHPRGHOOHGE\XVLQJWKLQOD\HULQWHUIDFHHOHPHQWVZLWKWKHVDPH
PDWHULDO SURSHUWLHV DV VRLO >@ )RU FORVHHQGHG SLOHV DW WKH VRLOSLOH WLS LQWHUIDFH WKH WDQJHQWLDO DQG FRQWDFW
LQWHUDFWLRQVZHUHFRQVLGHUHGXVLQJLQWHUIDFHIULFWLRQFRHIILFLHQWRI P  )XUWKHULQIRUPDWLRQDERXWWKHIRXQGDWLRQ
PRGHOOLQJSURFHGXUHDQGLQWHUIDFHPRGHOOLQJWHFKQLTXHZKLFKDUHXVHGLQWKLVVWXG\FDQEHIRXQGLQ7DJKDYL*KDOHVDUL
HWDO >@DQG%DUDULHWDO >@$IWHUDSSO\LQJ WKHJUDYLW\ ORDGLQJDQG LQLWLDOHTXLOLEULXP WKHYHUWLFDO ORDGZDV
DSSOLHGWRWKHSLOHKHDG
&RPSDUDWLYHUHVXOWVDQGGLVFXVVLRQ
7KHHIIHFWVRIVRLOUHODWLYHGHQVLW\SLOHVSDFLQJDQGSLOHWLSFRQGLWLRQRQWKHSLOHWRSLOHLQWHUDFWLRQIDFWRUZHUH
FRQVLGHUHGLQ)LJDQGDFRPSDULVRQEHWZHHQWKHUHVXOWVRISUHVHQWH[SHULPHQWDODQGQXPHULFDODQDO\VLVZDVFDUULHG
RXW$VLOOXVWUDWHGLQ)LJDLQPRVWFDVHVWKHLQWHUDFWLRQIDFWRULQFUHDVHVZLWKLQFUHDVLQJVRLOUHODWLYHGHQVLW\EXW
DIWHU rD  DVOLJKWLQFUHDVHZDVREVHUYHG)RUYHU\FORVHRUZLGHVSDFHGSLOHVWKHHIIHFWRIVRLOUHODWLYHGHQVLW\
ZDVPLQLPL]HG)LJEVKRZVWKHHIIHFWRISLOHWLSFRQGLWLRQRQWKHSLOHWRSLOHLQWHUDFWLRQIDFWRU ijD )URPWKHVH
ILJXUHVLWLVIRXQGWKDWSLOHWLSFRQGLWLRQRSHQHQGHGRUFORVHHQGHGKDVQRFRQVLGHUDEOHHIIHFWRQWKHLQWHUDFWLRQ
IDFWRUHVSHFLDOO\IRUZLGHVSDFHGSLOHV
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

)LJ7KHHIIHFWRIDVRLOUHODWLYHGHQVLW\DQGESLOHWLSFRQGLWLRQRQWKHLQWHUDFWLRQIDFWRU
$FFRUGLQJWR)LJZKHQWKHSLOHGLVWDQFH6LQFUHDVHVWKHLQWHUDFWLRQIDFWRUVGHFUHDVH7KLVUHGXFWLRQLVPRUH
REYLRXVIRUSLOHVLQVRLOVZLWKORZHUUHODWLYHGHQVLWLHV7KLVLVGXHWRWKHIDFWWKDWLQORRVHVDQGWKHUHODWLYHGLVSODFHPHQW
DWWKHSLOHVRLOLQWHUIDFHLVPXFKPRUHWKDQWKDWLQGHQVHVDQGDQGWKXVWKHLQWHUDFWLRQHIIHFWVZLOOGHFUHDVH7KHYDOXHV
RISLOHWRSLOHLQWHUDFWLRQIDFWRUIURPFHQWULIXJHWHVWVDQG')(DQDO\VHVZHUHFRPSDUHGWRWKHYDOXHVIURP5DQGROSK
DQG:URWK>@0DQGROLQLDQG9LJJLDQL>@DQG3RORDQG&OHPHQWH>@LQ)LJ,WFDQEHREVHUYHGWKDWUHJDUGOHVVWR
WKHSLOHWLSFRQGLWLRQWKHREWDLQHGLQWHUDFWLRQIDFWRUVIURP5DQGROSKDQG:URWKDSSURDFKDUHLQJRRGDJUHHPHQWZLWK
WKDWREWDLQHGIURPWKHSUHVHQWDQDO\VLVHVSHFLDOO\ IRUVRLOVZLWK UHODWLYHGHQVLW\KLJKHU WKDW7KHLUDSSURDFK
VHHPVDOLWWOHFRQVHUYDWLYHEHFDXVHWKHHIIHFWRIVOLGLQJEHWZHHQVRLODQGSLOHZDVQHJOHFWHGDQGEDVHGRQ0\ORQDNLV
DQG*D]HWDV>@WKLVVOLGLQJVKRXOGEHWDNHQLQWRDFFRXQW0DQGROLQLDQG9LJJLDQL>@SURSRVHGWZRHTXDWLRQVIRU
HVWLPDWLQJ LQWHUDFWLRQ IDFWRU DQG WKXV D UDQJH RI YDOXHV ZDV GHSLFWHG 7KH YDOXHV RI LQWHUDFWLRQ IDFWRU IURP
H[SHULPHQWDODQGQXPHULFDODQDO\VLVYDU\ LQ WKLV UDQJH$VVKRZQ LQ)LJD WKHPHWKRGSURSRVHGE\3RORDQG
&OHPHQWH>@LVUHODWLYHO\FRQVHUYDWLYHIRURSHQHQGHGSLOHV)URPWKHUHVXOWVRIH[SHULPHQWDODQGQXPHULFDODQDO\VLV
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DQGE\PHDQVRIUHJUHVVLRQDQDO\VLVDPRGLILFDWLRQWRWKH5DQGROSKDQG:URWKHTXDWLRQZDVSURSRVHGWDNLQJLQWR
DFFRXQWWKHHIIHFWRIVRLOUHODWLYHGHQVLW\DVDORJDULWKPLFIXQFWLRQ
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mr L Q  LLVSLOHOHQJWK r LVWKHUDGLXVRISLOH bd LVWKHGLDPHWHURISLOHWLSSLVSLOHVSDFLQJ
DQG Q LV VRLO 3RLVVRQ¶V UDWLR 7KLV HTXDWLRQ ZLWK  R  DQG 560(  VKRZV D JRRG SHUIRUPDQFH LQ
GHWHUPLQLQJWKHSLOHWRSLOHLQWHUDFWLRQIDFWRU

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)LJ&RPSDULVRQEHWZHHQWKHUHVXOWVIURPSUHVHQWDQDO\VLVDQGWKRVHIURP5DQGROSKDQG:URWK>@0DQGROLQLDQG9LJJLDQL>@DQG3RORDQG
&OHPHQWH>@IRUDRSHQHQGHGEFORVHHQGHGSLOHV
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